INTRODUCTION
============

Membrane currents induced by extracellular ATP are due to activation of distinct subclasses of ionotropic receptors (P2X~1--7~; for review see [@bib36]) that display differential sensitivity to changes in external pH ([@bib40]). As far as P2X~2~ receptors are concerned, acid pH strongly potentiate them when studied in expression systems ([@bib23]) or in native tissue ([@bib26]). Another distinctive feature of P2X~2~ receptors is their slow inactivation that can be dramatically accelerated after PKC-dependent phosphorylation of their COOH-terminal ([@bib4]), high extracellular Ca^2+^ ([@bib9]), or excising the cell membrane ([@bib35]; [@bib9]). However, on P2X~2~ receptors of PC12 cells large ATP concentrations were reported to induce rapid decay of currents with subsequent recovery as soon as agonist application was terminated, a phenomenon termed "fading and rebound" ([@bib13]). Investigations with recombinant receptors attributed such a phenomenon to proton block of P2X~2~ receptors rather than agonist-dependent inactivation ([@bib41]). Subsequent studies performed with single channels have not, however, revealed any blocking action by protons ([@bib10]), making unclear the nature of the P2X~2~ response fade. Nevertheless, it is difficult to resolve single channel kinetics when ATP is applied at concentrations ≥50 μM, a condition which would not enable detailed studies of channel inactivation behavior after the high doses (mM) of agonist required for fading and rebound.

A study by [@bib7] has shown that a single histidine mutation (H319A) selectively removed proton-dependent potentiation of P2X~2~ receptors and disclosed an inhibitory effect of protons on currents induced by large ATP concentrations. Therefore, it seems likely that a discrete region located on the receptor extracellular loop can mediate current potentiation as well as inhibition by acid pH.

The action of ATP on PC12 cells or the closely related chromaffin cells remains of considerable physiological interest. In fact, ATP is stored together with catecholamines inside the highly acidic (pH 5.4) environment of secretory vesicles ([@bib18]; [@bib15]). This fact implies that, upon vesicular release, a sudden surge of high extracellular proton concentration could shape responses induced by ATP. Furthermore, the widespread distribution of P2X~2~ receptors in peripheral and central nervous systems ([@bib12]; [@bib20]; [@bib37]) suggests that interplay between ATP and protons could occur extracellularly whenever ischemia, hypoxia, or stroke significantly lowers pH ([@bib29]; [@bib27]).

The present study analyzed the proton action on native P2X~2~ receptors of PC12 cells and examined the cause for current fading and rebound. In particular, we addressed the following issues: (a) Can protons rapidly up and down-regulate wild-type P2X~2~ receptors? (b) What conditions determine the balance between pH-evoked potentiation and inhibition? (c) What are the mechanisms responsible for the action of protons and can they be explained by a unitary kinetic scheme? For these goals we used patch-clamp recording as well as modeling of membrane ATP-induced currents, building on a recently reported model of ATP P2X~2~ receptors ([@bib10]). Our data are consistent with a bimodal modulation of ATP-elicited currents by protons whereby potentiation of ATP responses was based on increased affinity for agonist binding to P2X~2~ receptors, whereas inhibitory action was due to promotion of receptor inactivation by high concentration of ATP.

MATERIALS AND METHODS
=====================

Patch Clamp Recording
---------------------

Rat PC12 cells were prepared as described previously ([@bib13]; [@bib21]). Briefly, defrosted cells were resuspended with an adequate amount of DMEM or NB (plus 10% FBS). Finally, PC12 cells were plated on poly-[l]{.smallcaps}-lysine (5 mg·ml^−1^) coated Petri dishes and cultured for 3--6 d under an atmosphere containing 5% CO~2~. Whole-cell currents were recorded from cells of 15--20 μm diameter continuously superfused with control solution containing (in mM): NaCl 132, KCl 5, MgCl~2~ 1, CaCl~2~ 2, glucose 10, HEPES 10; pH was adjusted with HCl or NaOH. Patch pipettes had a resistance of 3--4 MΩ and were filled (in mM) with CsCl 130; HEPES 20; MgCl~2~ 1, magnesium ATP 3; EGTA 5; pH was adjusted to 7.2 with CsOH. Cells were voltage-clamped at −70 mV with series resistance usually compensated by 80%. Currents were filtered at 1 kHz and acquired on IBM PC by means of pCLAMP 7.0 software (Axon Instruments, Inc.).

Modified solutions and drugs were applied by a rapid superfusion system (Rapid Solution Changer RSC-200; BioLogic Science Instruments) placed 100--150 μm away from the recorded cell. ATP applications were 2-s long. Time for solution exchange was ∼30 ms. According to [@bib15], single, P2X~2~ receptor-mediated events of apparently synaptic origin have a rise time of ∼30 ms and a decay lasting 120 ms, suggesting receptor kinetics generally slower than those of fast synaptic receptors. We have simulated the effect of applying 1 mM ATP with faster delivery on the rise and decay times of P2X~2~ receptor--mediated currents at standard pH using a theoretical model (model 2; see [results]{.smallcaps}) that best describes our experimental data. Reducing the solution exchange time from 30 to 3 ms decreased the current rise-time (10--90%) by 14% and the current decay time constant by 13% (unpublished data). Further diminution in delivery time had no effect on activation or deactivation of simulated currents, suggesting that at ∼3 ms agonist--receptor interaction rather than agonist delivery was apparently the rate-limiting factor. Decreasing the simulated solution exchange time from 30 to 3 ms had no effect on the current peak amplitude (unpublished data). These observations indicate that, in view of the seemingly slow receptor kinetics, the distortion in receptor activation and deactivation found experimentally with our application method was modest.

A number of cells displayed inward currents directly generated by switching from control to acid solution. The threshold for this phenomenon was pH 6.5; solutions with pH = 6 or lower induced currents which, at −70 mV holding potential, peaked at −91 ± 15 pA and were rapidly reversible on washout. Their reversal potential was ∼60 mV. Such responses have been described recently in PC12 cells ([@bib6]) as due to activation of proton-sensitive channels, analogous to those found on mammalian brain neurons ([@bib3]). Whenever acid pH solutions evoked such responses, they were subtracted from those observed in the presence of ATP at the same pH value. The presence of pH-induced membrane currents was, however, not the cause for the observed changes in ATP responses as analogous data were obtained with PC12 cells essentially devoid of pH-elicited currents.

All chemicals, including enzymes for cell culture, were from Sigma-Aldrich; culture mediums were obtained from GIBCO BRL (Life Technologies).

Data Analysis
-------------

All data are presented as mean ± SEM mean (*n* = number of cells) with statistical significance assessed with paired *t* test (for parametric data) or Wilcoxon test (for nonparametric data). Statistical significance of data was assessed using SigmaStat (Jandel Scientific; version 2.0). A value of P \< 0.05 was accepted as indicative of statistically significant difference.

The EC~50~ (ATP concentration producing 50% of maximal current amplitude) and IC~50~ (ATP concentration producing 50% decrease in maximal current amplitude) values were calculated with [Eq. 1](#eqn1){ref-type="disp-formula"} from [@bib38]: $$\documentclass[10pt]{article}
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\begin{document}
\begin{equation*}I=\frac{I_{max}}{ \left \left[1+ \left \left(\displaystyle\frac{EC_{50}}{ \left \left[A\right] \right }\right) \right ^{n_{H}}\right] \right {\cdot} \left \left[1+\displaystyle\frac{ \left \left[A\right] \right }{IC_{50}}\right] \right }{\mathrm{,}}\end{equation*}\end{document}$$where *I* is the peak current amplitude, *I* ~max~ is the peak current amplitude by maximal ATP concentration (1 mM), \[*A*\] is the ATP concentration, and *n* ~H~ is the Hill coefficient.

The extent of current fading was measured at the end of ATP application and calculated as a percentage of the first current peak amplitude. The extent of rebound was measured as a percentage increment over faded current (immediately before agonist washout).

Computer Simulation Method
--------------------------

In general, based on the mass action law, we formulated a set of differential equations for each kinetic state in analogy with the approach used by [@bib5], whereby: $$\documentclass[10pt]{article}
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\begin{equation*}\frac{d\overline{P} \left \left(t\right) \right }{dt}=\overline{P} \left \left(t\right) \right {\cdot}{\mathrm{Q,}}\end{equation*}\end{document}$$where $\documentclass[10pt]{article}
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\begin{equation*}\overline{P}\end{equation*}\end{document}$ is a vector composed of probabilities of the receptor occupying each kinetic state at time *t* and Q is the matrix of transitions between the states. Our in-house--developed program was written in Pascal and used on an IBM-compatible PC to solve numerically this set of differential equations using the eight-order Runge-Kutta method ([@bib2]).

The P2X~2~ receptor currents were calculated according to $$\documentclass[10pt]{article}
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\begin{equation*}I \left \left(t\right) \right =V{\cdot}N{\cdot}P_{open} \left \left(t\right) \right {\cdot}{\mathrm{{\sigma},}}\end{equation*}\end{document}$$where *V* is the holding voltage (mV), *N* is number of channels, *P* ~open~ is the probability of open channel state, and *σ* is the channel conductance. We assumed *σ* to be constant. The adequacy of the simulated responses to reproduce experimental records was judged by eye.

Online Supplemental Material
----------------------------

The values of the rate constants influenced lay protons and ATP in Models 1 and 2 are provided as supplemental material, available at <http://www.jgp.org/cgi/content/full/jgp.200308825/DC1>.

RESULTS
=======

Potentiation and Inhibition by Protons of ATP Currents
------------------------------------------------------

Recordings were obtained from cells tested in standard pH (7.4) solution and subsequently studied after exposure to acid solution containing various concentrations of ATP.

[Fig. 1](#fig1){ref-type="fig"} A shows, for the same cell, how pH could differentially modulate inward currents induced by 10 μM or 1 mM ATP (2-s application). At physiological pH (7.4) the inward current evoked by 10 μM ATP had no fading, whereas the larger current observed with 1 mM ATP displayed slight fading from its peak ([Fig. 1](#fig1){ref-type="fig"} A, a and b). When 1 mM ATP was applied for 8 s (unpublished data), a slow current fade developed with monoexponential time constant (τ) of 7,500 ± 1,500 ms (*n* = 9). This slow process of desensitization was not further investigated in the present study.

![Modulation of ATP currents by extracellular pH. A shows, at pH 7.4, inward currents induced by rapid superfusion of 10 μM (a) or 1 mM (b) ATP onto the same PC12 cell clamped at −70 mV. B shows responses (a and b) evoked by the same concentrations of ATP applied via acid solution (pH 6). Note enhancement of current amplitude in response to 10 μM ATP and reduction in peak amplitude in response to 1 mM ATP. In the latter case the response shows rapid fading to a steady-state level maintained during ATP application. After ATP washout and return to standard pH 7.4 solution, there is transient current rebound. (C) Plot of log ATP concentration versus peak current amplitude (as a percentage of the response to 1 mM ATP at pH 7.4; see [materials]{.smallcaps} [and]{.smallcaps} [methods]{.smallcaps} for fitting function). At pH 6.0 the curve is shifted to the left and shows reduced maximum response with amplitude decline at higher agonist concentration. Data are from 11 cells. (D) I/V curves for responses induced by 1 mM ATP tested at variable holding potentials. Current amplitude is normalized with respect to the one recorded at −70 mV, taken as 100% and assigned negative value. Note that the I/V is virtually the same for peak current amplitude at pH 7.4 or 6. No alteration in reversal potential is apparent. Data are from six cells.](200308825f1){#fig1}

When ATP was retested for 2 s at pH 6, the 10 μM ATP response was strongly enhanced (251%; [Fig. 1](#fig1){ref-type="fig"} B, a). Conversely, the 1 mM ATP response had smaller peak amplitude (71%) than its control and was followed by fading to 50% with subsequent rebound (84%) on washout ([Fig. 1](#fig1){ref-type="fig"} B, b). On average such a strong current fading, characterized by τ = 740 ± 50 ms (*n* = 9), led to an apparently steady-state current corresponding to 54 ± 2% of the peak amplitude. To minimize nonspecific effects of large extracellular proton concentrations, most experiments were restricted to testing responses at pH 6, although, for the purpose of comparison with other studies, responses were occasionally tested at pH 5.4 as well.

[Fig. 1](#fig1){ref-type="fig"} C shows the log concentration-response curve for ATP at pH 7.4 or 6. Responses were measured in terms of their peak amplitude and normalized with respect to 1 mM response to ATP in standard solution. As shown by [Fig. 1](#fig1){ref-type="fig"} C, acid pH enhanced responses elicited by concentrations up to 100 μM and depressed the 1 mM response. In our conditions, the calculated EC~50~ value for ATP shifted from 56 to 19 μM for 25 times change in proton concentration (from pH 7.4 to 6). The Hill coefficient remained similar (1.6) in control and at pH 6.

The rapid fading and rebound of currents induced by high concentrations of ATP at acid pH suggested quick inactivation and reactivation of open P2X~2~ receptors. If the mode of action by protons was to block a site within the channel ([@bib41]), this effect should be modified by the electric field imposed to the membrane. [Fig. 1](#fig1){ref-type="fig"} D indicates that, on average (*n* = 7), changing external pH from 7.4 to 6.0 did not alter the reversal potential of the ATP peak current. In addition, [Fig. 2](#fig2){ref-type="fig"} shows experimental data concerning the voltage dependence of 1 mM ATP currents tested at pH 6. While there was a slight reduction in the degree of fading (measured as steady-state current normalized with respect to the response peak; [Fig. 2](#fig2){ref-type="fig"} B) when cells were depolarized, neither the fading time constant ([Fig. 2](#fig2){ref-type="fig"} A) nor the rebound current ([Fig. 2](#fig2){ref-type="fig"} C) were related to the holding potential, indicating that proton-evoked inhibition of ATP currents was essentially voltage independent.

![Voltage dependence of fading and rebound processes of currents induced by 1 mM ATP at pH 6. (A) Plot of changes in time constant of current fading (τ~fading~; obtained by monoexponential fitting) versus holding membrane potential. (B) Degree of current fade (measured at the end of ATP application and expressed as a percentage of ATP peak current) at various holding potential values. (C) Rebound current (expressed as a percentage rise over the inactivated current) at various holding potentials. Data are from eight cells.](200308825f2){#fig2}

[Fig. 3, A--C](#fig3){ref-type="fig"} , shows the pH dependence for fading and rebound of ATP currents. In particular, acidification brought out fading ([Fig. 3](#fig3){ref-type="fig"} B) and rebound ([Fig. 3](#fig3){ref-type="fig"} C) only when the ATP concentration was ≥100 μM; both phenomena intensified with increasing proton concentrations and were associated with faster onset of fading, as demonstrated by the decrease in fading τ values ([Fig. 3](#fig3){ref-type="fig"} A). These observations suggest that the main determinant for fading and rebound was the ATP concentration rather than the absolute value of pH. In accordance with this suggestion, there was a tight, negative correlation between the rebound amplitude and the extent of current inactivation with *r* = −0.93 (P \< 0.001; *n* = 8; unpublished data).

![ATP current fading and rebound are dependent on ATP and proton concentration. (A) Plot of time constant of current fading (τ~fading~) versus proton concentrations (log scale, μM; corresponding pH values are shown above) at two ATP concentrations. (B) Degree of current fade (measured at the end of ATP application and expressed as a percentage of ATP peak current) for various pH values. Note that 10 μM ATP cannot elicit current fading even at very acid pH. Fading becomes, however, apparent with 100 μM ATP applied at pH 6.0 and is very strong (∼50% current decay) with 1 mM ATP at pH 6.C, rebound current (expressed as a percentage rise over the inactivated current) at various pH values. Like current fade in B, rebound is absent with 10 μM ATP and manifested for higher ATP concentrations when pH is 6. Data are from nine cells.](200308825f3){#fig3}

The data in [Figs. 1](#fig1){ref-type="fig"}--[3](#fig3){ref-type="fig"} show that protons produced two modulatory effects on P2X~2~ receptors. One consisted of facilitation of responses induced by small to moderate agonist concentrations. The other one was inhibition of ATP responses with corresponding onset of fading and rebound. We next used kinetic modeling of receptor activity to gain insight into the mechanisms underlying these phenomena.

Modeling Proton Effects on P2X2 Receptor Function
-------------------------------------------------

We considered that minimal requirement for the usefulness of any model was its ability to reproduce current time-course close to the observed one, to generate the phenomenon of fading and rebound with large ATP doses as well as to manifest potentiation of responses with low doses of ATP. Previous investigations by [@bib10] based on recording from outside out membrane patches have extensively analyzed the kinetics of P2X~2~ receptors expressed in HEK cells and provided an advantageous model to describe their behavior. The model that [@bib10] described as the most appropriate for P2X~2~ receptors was therefore applied to our present results, using their rate constant values based on single channel and modeling data. Such a model is termed 1--4 (see Fig. 13 in [@bib10]) and is represented as MODEL 1

where C~1,2,3,4,7~ represent closed states of the receptor, O~5,6~ are open states of the receptor, A is the ATP molecule, and k~nn~ are rate constants for the corresponding forward and backward reactions. Thus, this is a "loop" scheme that relies on two open receptor states (O~5~ is the most frequently detected one; [@bib10]) reached via C~4~ (closed, and binding three ATP molecules), and four closed states, one of which (C~7~) we assumed to be the one responsible for ATP receptor inactivation. [Fig. 4](#fig4){ref-type="fig"} A shows that the model adequately described the nondesensitizing nature of the responses produced by 1 mM or 10 μM ATP, although our experimental currents had slower onset and offset rates at the standard pH 7.4 of the control buffer solution (BS; compare with [Fig. 1](#fig1){ref-type="fig"} A).

![Modeling the role of protons on fading and rebound of ATP currents. (A) Simulated inward current generated with Model 1 ([@bib10]) assuming 1 mM (solid line) or 10 μM (dotted line) ATP application in standard buffer solution (BS). (B) Simulation of fading and rebound of inward currents (elicited by 1 mM ATP applied at pH 6) generated with Model 1 assuming various degrees (a, b, and c; see [Table I](#tbl1){ref-type="table"}) of dependence of the forward rate constants k~57~ and k~67~ on proton concentration. (C) Simulated response evoked by 1 mM ATP transiently applied at pH 6.0 with washout back to standard BS. Note that rebound is always lost when washout is performed with BS at pH 6. Vertical calibration refers to probability of observing the receptor open state.](200308825f4){#fig4}

We first examined the possibility that this model could represent the generation of current fading and rebound observed when large doses of ATP were applied at acid pH. The first step was to consider in Model 1 whether by making the rate constants for transitions from open states to the closed one dependent on pH could generate fading and rebound. To simulate this process a constant (k~n~) became $$\documentclass[10pt]{article}
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\begin{equation*}k_{n}=\frac{{\mathrm{{\alpha}}}{\cdot} \left \left[H^{+}\right] \right ^{2}+{\mathrm{{\beta}}}{\cdot} \left \left[H^{+}\right] \right +{\mathrm{{\gamma}}}}{{\mathrm{{\delta}}}{\cdot} \left \left[H^{+}\right] \right ^{2}+{\mathrm{{\epsilon}}}{\cdot} \left \left[H^{+}\right] \right +1}{\mathrm{,}}\end{equation*}\end{document}$$which corresponds to Eq. 9 by [@bib28] to describe pH dependence of substrate binding to a protein. This simulation (applied to k~57~ and k~67~ for the O~5~ and O~6~ to C~7~ transition) assumed that 1 mM ATP was applied at pH 6. [Fig. 4](#fig4){ref-type="fig"} B shows this model could generate fading and rebound as indicated by the three simulated responses (a, b, c), on the assumption of different degrees of pH dependence of the forward rate constants ([Eq. 4](#eqn4){ref-type="disp-formula"}). The actual values used for those simulations are listed in [Table I](#tbl1){ref-type="table"} . Assigning strong (trace a) or weak (trace c) reaction dependence on protons could affect the extent of fading (residual current at the end of ATP application), but it could not modify the very fast time constant of fading. This condition contrasts with the experimental observation of the dependence of fading on extracellular protons (see [Fig. 3](#fig3){ref-type="fig"} A). [Fig. 4](#fig4){ref-type="fig"} C shows that, regardless of the strength of pH dependence of such forward reactions (traces a, b, and c), rebound was lost if washout of ATP was performed with acid solution (pH 6).

###### 

Coefficient Values Applied to Certain Rate Constants, k~57~ and k~67~, to Simulate pH Dependence in Model 1

  Constant   Versions   α      β      γ      δ       ε
  ---------- ---------- ------ ------ ------ ------- --------
  k~57~      a          375    25     58     0.175   0.0025
             b          156    12.5   59     0.175   0.0025
             c          37.5   2.5    59.5   0.175   0.0025

The values of k~57~ and k~67~ are expressed as (mM s)^−1^ for proton concentration expressed as μM.

A distinct case for pH-induced inhibition of ATP currents would be direct block of ATP-gated channels by protons. This possibility draws analogies from the fact that fading and rebound are often caused by drug-induced block of open channels and subsequent prompt relief like, for instance, in the case of mecamylamine on nicotinic receptors ([@bib14]) or Mg^2+^ (or amantadine) on NMDA receptors ([@bib39]). Despite the experimentally observed lack of voltage dependence for fading and rebound ([Figs. 1](#fig1){ref-type="fig"} D and 2) that makes channel block by protons unlikely, we tested if fading and rebound in the presence of acid pH might have been due to simple proton block of the open states O~5~ and O~6~. The simulation yielded records (unpublished data) indistinguishable from those obtained for the proton dependence of the reactions leading the inactive state C~7~ (see [Fig. 4, B and C](#fig4){ref-type="fig"}), whenever we set the model to give similar level of steady-state current achieved under conditions of proton block.

Note that tests based on simplified receptor models comprising one open state only failed to yield adequate simulations because the rebound response was excessively large and long-lasting, and were not further used (unpublished data).

Proton dependence of the transitions to C~7~ and proton-induced channel block predicted lack of rebound on washout with acid pH medium ([Fig. 4](#fig4){ref-type="fig"} C). Such a prediction could be readily verified with experimental tests. Data depicted in [Fig. 5](#fig5){ref-type="fig"} A show that 1 mM ATP applied at pH 6.0 and then washed out with a solution at either pH 7.4 ([Fig. 5](#fig5){ref-type="fig"} A, a) or pH 6.0 ([Fig. 5](#fig5){ref-type="fig"} A, b) generated fading and rebound in both cases (same cell). On average for a sample of five cells all tested at two pH values, the rebound amplitude (as a percentage of steady-state current) was 87 ± 18% with pH 7.4 washout, and 54 ± 9% with pH 6.0 washout. These observations thus suggest that a model assuming either pH dependence for the P2X~2~ receptor transition to inactive state, or simple channel block induced by protons could not explain our electrophysiological data.

![Experimental and modeling data concur to show pH dependent fading and rebound. (A) Electrophysiological records of inward currents induced by 1 mM ATP applied at pH 6.0 and followed by washout with standard BS (a) or pH 6.0 solution (b). In either case fading and rebound are present. (B) Simulated currents evoked by 1 mM ATP assuming washout with standard solution (a) or acid solution (b). Traces are obtained with Model 2, which is based on pH and ATP dependence of the transition from open states to inactivated state. (C) Simulated trace reproducing responses to 1 mM ATP for the same conditions as in A and B and optimization of rate constants ([Tables II](#tbl2){ref-type="table"} and [III](#tbl3){ref-type="table"}). Vertical calibration for B and C refers to the probability of observing the open states O~5~ and O~6~ (see Model 2).](200308825f5){#fig5}

Protons may Promote P2X~2~ Receptor Inactivation by ATP
-------------------------------------------------------

As neither protons nor ATP alone could induce fading, their concomitant action was an example of synergy at receptor level to obtain rapid onset of current inactivation. We therefore considered the possibility that protons could act as a cofactor to facilitate receptor inactivation by high doses of ATP via modification of channel conformation ([@bib10]). For the present simulation, we thus implied that with acid pH, additional ATP molecules could bind to the O~5~ and O~6~ states to promote their conversion to C~7~ (Model 2). MODEL 2

Of course, in this simplified scheme there is no identification of the additional ATP binding sites, which might be the agonist recognition sites or an allosteric site, but not the ion channel itself as ATP is strongly negatively charged and receptor inactivation is voltage independent. By assuming that the k~57~ and k~67~ rate constants for the interaction of free ATP molecules with the O~5~ and O~6~ state were also pH dependent (see [Eq. 4](#eqn4){ref-type="disp-formula"}), we obtained simulated traces that generated rebound even with acid pH washout ([Fig. 5](#fig5){ref-type="fig"} B, a and b, with pH dependence similar to the one depicted for trace b in [Fig. 4](#fig4){ref-type="fig"} B). Because rebound was generated from a quasi steady-state condition of agonist application and current level, it seemed likely that it represented a sudden surge of current due to the reaction from C~7~ to O~5~ and O~6~. The rate of rise of the rebound current would then reflect the receptor reactivation process from inactive state. Experimentally, we found that the risetime of the rebound current was virtually the same (13 and 14 ms, respectively; [Fig. 5](#fig5){ref-type="fig"} A, a and b) regardless of the pH value of the washout solution, suggesting that protons were not presumably changing k~75~ and k~76~. This observation was consistent with Model 2 in which pH dependence was assigned only to the forward reaction from open states to inactive state. Although Model 2 contained all the essential features to reproduce the properties of fading and rebound, it generated records too fast with respect to those observed experimentally. This condition prompted us to optimize the reaction rate constants ([Tables II](#tbl2){ref-type="table"} and [III](#tbl3){ref-type="table"}) to slow down the fading and rebound processes. In this way, it was possible to simulate current records analogous to the experimental ones ([Fig. 5](#fig5){ref-type="fig"} C, a and b). A full list of the rate constants used for simulations is provided as Online supplemental material available at <http://www.jgp.org/cgi/content/full/jgp.200308825/DC1>.

###### 

Values of Rate Constants Used to Simulate ATP Responses (Model 2)

  Constant   k~21~   *k* ~32~   *k* ~43~   *k* ~45~   *k* ~54~   *k* ~46~   *k* ~64~   *k* ~75~   *k* ~76~
  ---------- ------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------
             s^−1^   s^−1^      s^−1^      s^−1^      s^−1^      s^−1^      s^−1^      s^−1^      s^−1^

###### 

Coefficient Values Applied to Certain Rate Constants to Simulate Their pH Dependence with Facilitated Binding of ATP (Model 2)

  Constant   α          β        γ       δ         ε
  ---------- ---------- -------- ------- --------- -------
  *k~12~*    28,437.5   3,250    1,497   7.5       2.575
  *k~23~*    16,562.5   2,500    876     7.5       2.575
  *k~34~*    237,500    12,500   260     62.5      20
  *k~57~*    0.00625    0.1      0.043   0.0625    1.5
  *k~67~*    79.375     25.5     3       0.00313   0.5

The values of *k~12~*, *k~23~*, *k~34~*, *k~57~*, and *k~67~* are expressed as (mM s)^−1^ for proton concentration expressed as μM. For the meaning of α, β, γ, δ, and ε, see [Eq. 4](#eqn4){ref-type="disp-formula"}.

A further important requirement of the model was its ability to reproduce the enhancement of small responses to ATP by acid pH ([@bib23], and present [Fig. 1](#fig1){ref-type="fig"}). To include this response property in simulated data, we followed the suggestion that protons may increase the affinity of the binding site for ATP ([@bib10]). One way to simulate this condition was to make the ATP binding rate constants k~12~, k~23~, and k~34~ larger (see Model 2) and dependent on pH (see [Table III](#tbl3){ref-type="table"}) in analogy with the dependence of k~57~ and k~67~ on protons. [Fig. 6](#fig6){ref-type="fig"} A, a and b, shows an example of the simulated enhancement by acid pH of responses to low concentrations of ATP with good correspondence with those found experimentally. The theoretical ATP dose response plots ([Fig. 6](#fig6){ref-type="fig"} B) based on Model 2 are calculated assuming external pH 6.0 (dashed line) or pH 7.4 (solid line) and are similar to the experimental ones ([Fig. 1](#fig1){ref-type="fig"} C). It is noteworthy that the present theoretical data closely accords with the experimental results by [@bib10] who report maximum open probability of 0.55 for 100 μM ATP.

![Modeling of pH induced potentiation of responses to small concentrations of ATP. (A) Model 2 is used to generate simulated traces to 10 μM ATP applied at standard pH (a) or pH 6.0 (b). Note potentiation of effect of ATP at acid pH. (B) Theoretical ATP dose response plots drawn on the basis of Model 2 for pH 6.0 (dashed line) or pH 7.4 (solid line). The ordinate shows open probability of ATP receptors. The Hill coefficients were 1.7 at 7.4 pH (EC~50~ value = 74 μM) and 1.9 at pH 6.0 (EC~50~ value = 19 μM).](200308825f6){#fig6}

Unlike our experimental approach, modeling allowed exploring the relative role played by open states and the inactivated C~7~ state in the potentiation as well as fading plus rebound. Thus, we further examined the distinct contribution by O~5~, O~6~, and C~7~ to the simulated ATP currents at neutral or acid pH in analogy with the experimental data shown in [Fig. 1, A and B](#fig1){ref-type="fig"}. Each one of these three states was expressed in terms of calculated probability of occurrence prior, during, and after ATP application. The [Fig. 7](#fig7){ref-type="fig"} A, a shows that at neutral pH both the O~5~ and, to lesser extent, the O~6~ states were responsible for the small current induced by 10 μM ATP while the C~7~ state had minimal probability of occurrence. Likewise, at neutral pH ([Fig. 7](#fig7){ref-type="fig"} A, b), the application of 1 mM ATP was again associated with larger probability of O~5~ versus O~6~ because k~45~ was larger than k~46~ (see Model 2; [@bib10]). [Fig. 7](#fig7){ref-type="fig"} B, a shows that, when 10 μM ATP was applied at pH 6, there was increased probability of detecting O~5~ and O~6~. There was also a measurable probability to detect the C~7~ state, although the latter was insufficiently common and too slow to generate obvious fading and rebound. [Fig. 7](#fig7){ref-type="fig"} B, b (note different amplitude calibration from A, a) shows that, owing to the acid pH and the large dose (1 mM) of ATP, all three states now played a significant role in generating the complex waveform of the response. In fact, O~5~ appeared rapidly and decayed in coincidence with gradual increment in the O~6~ probability. However, the inactivated C~7~ state also developed strongly, so the decline (fading) of the overall current profile was probably determined by the emergence of C~7~, indicating conversion of receptors to inactive state. Upon termination of ATP application, the reaction from C~7~ to O~6~ was kinetically more favored owing to the larger value of k~76~ versus k~75~, and determined the appearance of the rebound component. Thus, simulated conditions suggest that fading was primarily due to rapid decrease in O~5~ states, whereas rebound was due to reemergence of O~6~ states. The model also demonstrates the need for two open states to simulate kinetically plausible peak current fade and rebound in accordance with the original scheme proposed by [@bib10].

![Contribution of ATP receptor states to the action of protons on current enhancement, fading, and rebound. (A) Simulated kinetic profile of probability for the receptor states, namely O~5~ and O~6~ (open receptor) and C~7~ (inactivated receptor) in the presence of 10 μM (a) or 1 mM (b) ATP transiently applied at standard pH. Note the larger contribution by O~5~ state to both responses. (B) Under analogous simulated conditions, transient application of ATP at pH 6.0 generates potentiation (a) or fading and rebound (b). Even at pH 6.0 with 10 μM ATP there is development of C~7~ state, although this is a slow process that cannot influence the macroscopic current primarily dependent on the strong enhancement of the O~5~ state probability. When 1 mM ATP application is simulated, O~5~ state largely contributes to the initial current peak while the C~7~ state probability is building up as a consequence of the transition of receptors from O~5~ to C~7~. This phenomenon is responsible for the large current fading. The O~6~ state is kinetically slower and mainly contributes to the rebound because the rate constant of C~7~ transition to O~6~ is larger than the one for C~7~ transition to O~5~.](200308825f7){#fig7}

DISCUSSION
==========

The main result of the present study was the demonstration that a unitary mechanism could be responsible for the contrasting effects of protons on ATP receptors of PC12 cells. Thus, by assuming that agonist binding and receptor inactivation were similarly pH dependent, it was possible to account for fading and rebound of ATP currents generated by high agonist concentration, and enhanced current amplitude induced by low doses of ATP. These observations obtained with PC12 cells, which are of neural origin as they derive from adrenal chromaffin cells, can help to understand the complex interaction between protons and ATP receptor signaling that occurs on autonomic and sensory neurons.

Effects of pH on ATP Currents of PC12 Cells
-------------------------------------------

Previous studies have shown that ATP currents recorded from PC12 cells are predominantly mediated by P2X~2~ receptors ([@bib31]; [@bib43]; [@bib20]) with minimal propensity to inactivate despite sustained or closely repeated application of the agonist.

A former report described how rapid fade and rebound of ATP currents could be generated when large doses of ATP were applied ([@bib13]), a phenomenon subsequently attributed to rapid proton-induced block of ATP channels ([@bib41]). This view is in contrast with a well-known feature of P2X~2~ receptors, namely that their responses are strongly enhanced by extracellular protons ([@bib23]; [@bib44]; [@bib10]).

The present investigation tried to address these two apparent paradoxes concerning the action by ATP: is it facilitated or inhibited by protons, and does it inactivate quickly? A further goal was to understand the mechanism of action by protons using receptor modeling constrained by our electrophysiological data and to confirm model predictions with targeted experimental tests.

It should be noted that the present study relied on a relatively slow method of agonist application. For certain fast transmitters, like for example, GABA acting on GABA~A~ receptors, the activation (and inactivation) kinetics are so fast that clear differences emerge between data obtained with fast superfusion of the agonist and ultra-fast agonist superfusion ([@bib33]). In the case of P2X~2~ receptors, the kinetics of ATP--receptor interaction are comparatively slower as indicated by miniature events mediated by endogenous ATP with rise-time of ∼30 ms ([@bib15]) that is at least one order of magnitude slower than the one reported for GABA~A~ receptors (0.7 ms, [@bib33]; or even 0.2 ms, [@bib45]). Simulation tests suggested that the present agonist delivery method introduced an error quantifiable in \<15% in terms of receptor activation and deactivation, thus indicating a modest, yet detectable, distortion of the channel kinetics under investigation. The same simulations for 2-s long application of ATP, however, showed no changes in response amplitude.

At standard pH responses there was minimal fading (and no rebound) of responses induced by large or small doses of ATP. However, extracellular acidification largely potentiated small doses of ATP by shifting the bottom part of the log dose response curve to the left, whereas it inhibited currents induced by high doses. Hence, the dose response plot crossed the control one. These results confirmed that, under our conditions, both effects by protons, potentiation and inhibition, could be produced on the same cells.

Protons Do Not Block ATP Receptor Channels
------------------------------------------

An important aspect of responses to high doses of ATP in acid solution was the appearance of fading and rebound (threshold was pH 6.4 for 1 mM ATP), which displayed the same voltage dependence as the standard ATP current.

The voltage independence of proton inhibition makes unlikely proton-induced channel block as proposed by [@bib41], although it might be conceivable that the proton site of action could be remote from the channel pore and little sensitive to membrane potential changes. This condition could be readily simulated by modeling pH induced channel block in the present study. In particular, when ATP was applied at acid solution and washed out with either the same agonist-free solution or neutral pH solution, in both cases fading and rebound were always found experimentally, unlike the prediction of channel block by protons. Furthermore, [@bib10], working on single channels, also failed to corroborate pH elicited channel block.

Unitary Mode of Action of Extracellular Protons
-----------------------------------------------

Previous studies of ATP receptors in expression systems have indicated that acidification increases the affinity of the P2X~2~ receptors for ATP ([@bib23]; [@bib10]), a finding supported by the present study as long as low doses of ATP were used ([Fig. 1](#fig1){ref-type="fig"} C) because the ATP EC~50~ value became significantly smaller ([@bib23]; present data). We therefore wondered whether the most appropriate receptor model used by [@bib10] to account for the receptor operation might be extended to consider the contrasting action of protons on ATP currents.

The "loop" reaction model preferred by [@bib10] includes multiple closed or open states in which receptors can dwell. This provided us with a starting scheme that gave realistic simulations of ATP currents at standard pH and it enabled us to test the action of protons. The model most appropriate to simulate our data was based on pH dependence of the rate constants for most steps of the ATP--receptor binding reaction, regardless of their open or closed state. We postulated that, among the closed states, C~7~ represented the receptor inactive conformation bound by additional ATP. This condition is similar to the process whereby protons can modulate the cooperative binding of selective ligands (for instance, certain enzymatic substrates) to their multisubunit receptors or catalytic enzyme sites, and can thus impair enzymatic function by changing the substrate affinity ([@bib42]; [@bib34]).

In our scheme, all main characteristics of ATP response modulation by protons could be reproduced, including potentiation as well as fading and rebound independent from the washout solution. On the basis of these data we suggest that there was a unitary explanation to interpret the diverse actions (enhancement and inhibition) of protons on ATP currents. In fact, assuming that the main effect of protons was to increase the affinity of ATP for binding the C~1--3~ (potentiation), and O~5~ and O~6~ (fading and rebound) states of P2X~2~ receptors, it was possible to reproduce all the properties of experimentally observed responses. It is noteworthy that, on AMPA ([@bib17]; [@bib25]), nicotinic ([@bib1]), GABA ([@bib16]), or NMDA ([@bib32]) receptors, the inhibitory action of protons is suggested to be due to facilitation of agonist-induced receptor inactivation, indicating analogies in the inhibitory action of protons on ionotropic receptors.

At neutral pH it was difficult to observe fading and rebound even with a large (1 mM) concentration of ATP. This result also indicates that, whenever ATP is applied to a PC12 cell, the interaction of ATP with its receptor does not necessarily follow all the steps of Model 2: in fact, reaching the C~7~ state (which is arrived at with a rate constant much smaller than those characterizing the transitions from C~1~ to C~3~) requires the facilitatory action of protons plus a large amount of ATP. A distinctive feature of the present model was the assumption of further binding of ATP to the open receptors to drive the reaction to the C~7~ state, a condition that therefore needs large agonist concentration. This suggestion is supported by our data demonstrating that fading and rebound strongly depended on ATP concentration at the same pH value.

Fading and Rebound
------------------

Fading and rebound of agonist-evoked membrane currents are not unique to ATP receptors. For example, neuronal nicotinic receptors of nerve cells ([@bib30]) or muscle ([@bib11]) exposed to high agonist concentrations can generate currents that inactivate rapidly and bounce back upon termination of agonist application. In such cases fading and rebound were attributed to agonist-induced open channel block as the positively charged agonist may be attracted by the negatively charged cationic channel ([@bib8]). In the case of ATP receptors, which also comprise negatively charges cationic channels, such an explanation seems unlikely because ATP itself is negatively charged and neither fading nor rebound was voltage dependent. As in our model, fading and rebound required additional binding of ATP and the receptor open states were ATP occupied, it seems necessary to suggest that such additional binding of ATP took place at a site (not necessarily coincident with the agonist recognition site) which could promote receptor inactivation. Since the structure of P2X~2~ receptors is believed to be a tetra or pentameric assembly of homologous subunits ([@bib22]; [@bib19]), it seems likely to contain the motifs for multiple agonist binding.

Functional Implications
-----------------------

The ability by protons to potentiate ATP-mediated currents is thought to be an important mechanism to modulate signals on sensory neurons. In fact, both ATP and acid pH are components released during the process of inflammation and their concurrent action may facilitate activation of P2X~2~ receptors on sensory neurons ([@bib26]; [@bib40]; [@bib12]; [@bib19]). If the extracellular level of ATP is very high, it is possible that pH-induced inhibition of ATP responses concurs to provide a self-limiting mechanism for sensory activation. In the central nervous system P2X~2~ receptors are widely distributed amongst neurons to mediate excitatory transmission (for review see [@bib19]; [@bib36]). It is tempting to speculate that conditions like ischemia or anoxia that determine acid pH in brain tissue can significantly contribute to amplify and then limit the signals generated by ATP. Furthermore, even ATP receptors consisting of coassembled heterodimers of P2X~6~ and P2X~2~ subunits retain pH-sensitive potentiation and inhibition ([@bib24]; [@bib12]), thus extending the targets for proton modulation of purinergic transmission.

Another interesting process for ATP--pH interaction is the vesicular release of these agents from catecholaminergic neurons, of which a well-tested example is provided by chromaffin cells, the progenitors of PC12 cells. In such vesicles ATP is highly concentrated (mM) in a very acid environment (5.4 pH, see [@bib18]) from which it is released together with catecholamines. The effective concentrations of ATP and protons reaching target cells remain unknown, but in the case of sufficient proximity of target cells, it is likely that ATP receptors may be modulated by protons. During this dynamic process of transient concentrations it may be hypothesized that pH favors potentiation rather than inhibition of ATP receptors, an issue which deserves future investigation.
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